Effect of low-pressure carbonation (LPC) on heat inactivation of yeast and bacterial vegetative cells was investigated. Microbial cell suspensions were carbonated at 0.6 MPa and 12℃ for 15 min and subsequently heated for 1 min at temperatures ranging from 50℃ to 70℃ at 1 MPa. As a control experiment, suspensions were heat treated for 1 min under atmospheric pressure without LPC. The heat inactivation effect on yeast was not significantly changed by LPC; however, the heat inactivation efficiency on several bacteria was enhanced. The promoted inactivation was also observed for heat treatment under atmospheric pressure after LPC. The enhanced inactivation was not notable by heat treatment followed by LPC. The results suggest enhanced heat inactivation against bacteria under LPC, and the increased heat inactivation of bacteria may be due to LPC-mediated sensitization to heat.
Introduction
Thermal treatment is a traditional technique used for controlling spoilage and pathogens in foods. It is well known that heat treatment under severe conditions frequently causes unpleasant changes in foods, including a loss of both sensory qualities and nutrient content. Therefore, mitigating the conditions for heat treatment is important. However, mild heat treatment at around 60℃ shows insufficient inactivation efficiency.
Over the last 20 years, considerable research effort has been directed toward the development of non-thermal processes for food preservation. Carbonation treatment-solubilized CO 2 forced into the cell suspension under pressure-is one such treatment. In carbonation treatment, CO 2 penetrates the microbial cells and generates H 2 CO 3 that dissociates to HCO 3 − and H + , leading to acidification of the cytoplasm (Dixon and Kell, 1989; Dillow et al., 1999; Spilimbergo et al., 2002) . Acidification of the cytoplasm has been proven to induce injury and loss of viability in microbial cells (Kim et al., 2008; Wu et al., 2007) . Most studies on carbonation treatment for the inactivation of vegetative microorganisms have employed pressures ranging from 1−30 MPa with temperatures below 40℃ (Oulé et al., 2006; Garcia-Gonzalez et al., 2009; Shimoda et al., 2002) . Oulé et al. (2006) demonstrated that carbonation at pressures below 2.5 MPa and temperatures below 40℃ showed no inactivation effect on Escherichia coli. We consider that the combination of low-pressure carbonation (LPC) with mild heating leads to the effective inactivation of vegetative microorganisms. In this study, the effect of LPC on heat inactivation of yeast and bacterial vegetative cells was investigated.
Materials and Methods
Microorganisms, media, and reagents Saccharomyces cerevisiae JCM7255, Candida versatilis JCM8065, Lactobacillus plantarum JCM1149, Lactobacillus brevis JCM1059, and Geobacillus stearothermophilus JCM 2501 were obtained from RIKEN BRC-JCM (Saitama, Japan). Escherichfreshly prepared broth (150 mL for yeast and 7 mL for other microbes). Cell propagation was allowed to reach the late logarithmic phase. Culture media and temperatures for each microorganism are summarized in Table 1 . Cells were harvested and washed 3 times by centrifugation at 2,000 g at 4℃ for 10 min in 0.9% (w/v) sodium chloride solution, and the final pellet was resuspended in the solution. The resultant cell suspension was subjected to inactivation treatments as described below.
Heat treatments and LPC The schematic diagram of the apparatus for LPC and heat treatment is shown in Fig. 1 . The following four types of treatments were performed: ia coli NBRC 3301, Bacillus cereus NBRC15305, Bacillus subtilis NBRC 13772, and Bacillus coagulans NBRC 12583 were obtained from the National Institute of Technology and Evaluation (Tokyo, Japan). de Man-Rogosa-Sharpe (MRS) broth and agar were purchased from OXOID (Cambridge, UK). Yeast malt peptone (YM) broth, YM agar, tryptic soy broth (TSB), and tryptic soy agar (TSA) were purchased from Difco (Detroit, USA). Sodium chloride was purchased from Nacalai Tesque (Kyoto, Japan).
Preparation of cell suspension Microbial cells were precultured in 7 ml of their growth medium (Table 1) Fig. 3 . For L. brevis, heating with LPC showed higher inactivation than heating without LPC, with a log order of 2 and 3.2 at 50℃ and 55℃, respectively. At temperatures above 60℃, cells were completely inactivated by both heating with and without LPC. For L. plantarum, no significant viability loss was observed after either treatment at 50℃, whereas heating with LPC showed higher inactivation than that without LPC, by a 1.7 log order, at 55℃. At 60℃ and 70℃, all cells were inactivated. For E. coli, heating without LPC induced no inactivation at 50℃, but a 1 log reduction in viability was observed by heating with LPC. Increasing the treatment temperature from 50℃ to 60℃ enhanced this inactivation effect. At 70℃, almost all cells were inactivated after both treatments. The vegetative cells of B. cereus and B. subtilis showed dramatically increased inactivation by combining LPC at 50℃. However, the enhanced inactivation decreased in a temperature-dependent manner and disappeared at 60℃. In both B. coagulans and G. stearothermophilus, inactivation appeared to be enhanced with increasing temperature. These results demonstrate that LPC enhances heat inactivation of bacterial cells. However, the efficiency depended on the bacterial species.
Effect of LPC on heat sensitivity of bacteria To determine whether the increased inactivation of bacteria was obtained by heat-induced sensitization to LPC or LPC-induced sensitization to heat, inactivation of G. stearothermophilus cells was compared under heating followed by LPC and LPC followed by heating (Fig. 4) . LPC followed by heating induced a 2.8 log reduction. The inactivation effect by heating a) LPC and subsequent heating under pressure (heating with LPC). LPC was performed by dissolving CO 2 into the cell suspension at low pressure (0.6 or 1.0 MPa). The LPC-treated cell suspension was subsequently heat treated under pressure at 1.0 MPa. In the first step, a microbial cell suspension was introduced into a CO 2 -dissolving vessel, using sample pump I. CO 2 gas was introduced into the vessel at 0.6 or 1.0 MPa and dissolved, with stirring, in the cell suspension to saturation at 12℃ or 4℃ for 15 min. In the second step, the cell suspension was introduced into the residence column adjusted to the experimental temperature in a water bath using sample pump II. After heating for 1 min in the residence column at 1 MPa, the cell suspension was withdrawn via a pressure control valve. The CO 2 concentration in the cell suspension during heating was kept saturated at 1 MPa and the heating temperature. Saturation of CO 2 in the cell suspension was determined by the method of Shimoda et al. (2002) . b) Heating without LPC A microbial cell suspension was directly introduced into the residence column, without LPC, using sample pump II. After heating for 1 min in the residence column at 0.1 MPa, the cell suspension was withdrawn. c) LPC followed by heating A microbial cell suspension was subjected to LPC at 1 MPa and 4℃ for 15 min, as described above, and then introduced into the residence column. After 1-min residence at 60℃ and 0.1 MPa, the cell suspension was withdrawn. In a separate experiment, the carbonated cell suspension was outgassed by aspiration and then heated at 60℃ and 0.1 MPa for 1 min in the residence column. d) Heating followed by LPC A microbial cell suspension was heated at 60℃ for 1 min in the residence column at 0.1 MPa. The heated suspension was introduced into a CO 2 -dissolving vessel and subjected to LPC at 1 MPa and 4℃ for 15 min.
Viable cell count After each treatment, appropriate serial dilutions were prepared using 0.9% sodium chloride solution. Then, 0.1 mL of the suspension was plated onto an agar plate, and the number of viable cells was enumerated as a colony forming unit (CFU) after incubation. The agar plate used and the conditions for incubation are listed in Table 1 . The inactivation ratio was expressed as log(N/N 0 ) or log(N 0 / N), where N 0 is the initial cell count and N is the viable cell count after each treatment. Fig. 2 . S. cerevisiae cells were inactivated at 55℃ under both treatments; there was no significant difference in the inactivation effect between treat-CO 2 Enhances Heat Inactivation sion, pH was also measured. The untreated cell suspension was pH 6.0, which decreased to pH 4.0 by LPC. After LPC, it recovered to pH 5.7 by outgassing and after subsequent heating, the cell suspension was pH 5.9. This result suggests that CO 2 gas dissolved in the cell suspension was almost completely removed, indicating that LPC-mediated sensitization to heat is not dependent on extracellular acidification (acidification of cell suspension) of the cell suspension.
Results

Inactivation behaviors of yeast by heating with or without LPC Results are shown in
Discussion
Mitigation of heat treatment conditions is important for minimizing the loss in food quality. In general, heat treatment induces denaturation of proteins within microbial cells. Carbonation at 7-21 MPa and 35℃ for 15 and 20 min also induces damage to the biofunction of proteins or the balance of enzymatic activities (Lin et al., 1993) . In addition, both heat treatment and carbonation cause structural changes in microbial cells (Tsuchido et al., 1985; Oulé et al., 2006) . We expected that combination of these treatments at milder conditions would induce damage to microbial cells severe enough to cause loss in viability, resulting in their effective inactivation. Previous studies have shown that carbonation at 5-6.5 MPa enhances inactivation of bacterial and fungal spores by heat treatment (50-90℃) (Ballestra and Cuq, 1998; Watanabe et al., 2003) ; however, the effect of LPC (at about 1 MPa) on inactivation of vegetative bacteria and yeast by heat treatment remains undetermined.
In this study, inactivation of yeast by heat treatment was not enhanced by combination with LPC (Fig. 2) . GarciaGonzalez et al. (2009) reported that yeasts are less sensitive than bacteria to carbonation at 10.5 MP and 35℃ for 20 without LPC was comparable with that by heating with LPC. In contrast, heat treatment followed by LPC induced an approximately 1.3 log order inactivation. These results suggest that LPC sensitizes G. stearothermophilus cells to heat, and heat also sensitizes G. stearothermophilus cells to LPC. The degree of sensitization is more noticeable in LPC-induced heat sensitization.
In general, the effect of heat treatment on inactivation of microorganisms is higher under acidic conditions than neutral conditions. To investigate whether the LPC-induced heat sensitization depends on acidification of the cell suspension, the LPC-treated cell suspension was outgassed and then heated (Fig. 4) . The outgassing did not affect the increased inactivation effect. To validate outgassing of the cell suspen- et al. (2005) reported that CO 2 increases acid resistance in E. coli. However, there has been no study on the effect of such damage and response on heat sensitivity. Further studies are needed to elucidate the mechanism of the enhanced heat sensitivity.
min. Yeasts are eukaryotes and have acidic organelles and vacuoles. Their V-ATPase located at the vacuolar membrane promotes acidification of the organelles by ATP-dependent pumping of H + from the cytoplasm to the vacuoles, thus contributing to maintaining a neutral cytoplasmic pH (Klionsky et al., 1992) . Watanabe et al. (2005) showed that a mutant causing defective morphogenesis of the vacuoles showed high sensitivity to carbonation, and concanamycin A-a highly specific inhibitor of V-ATPase-increased sensitivity to carbonation at 35℃, 4 to 10 MPa, for 10 min. Therefore, yeast cells are considered to be only weakly affected by carbonation including LPC before and/or during heating.
On the other hand, we found enhanced inactivation of bacteria by heat treatment combined with LPC (Fig. 3) . This leads to a mitigation in heat pasteurization conditions, enabling food products to retain their sensory qualities and facilitates the use of LPC for increasing the effect of heat pasteurization. However, both the temperature at which inactivation was enhanced and the degree of the increased inactivation were not uniform among the tested bacteria. The enhanced inactivation effect may partly depend on heat resistance. Most of the mesophilic bacteria tested, including L. brevis, L. plantarum, B. cereus, and B. subtilis, were inactivated by heating without LPC depending on temperatures below 60℃. In contrast, heat-resistant bacteria, B. coagulans and G. stearothermophilus, showed less than a 1 log order reduction after heat treatment without LPC at temperatures below 60℃ and 70℃, respectively. Such high heat resistance may contribute to enhancing the difference in the inactivation effect between heating with and without LPC.
The increased inactivation effect may not be determined by bacterial phenotype, such as by Gram staining and oxygen demand. That is, Gram-positive L. plantarum showed a level of increased inactivation similar to Gram-negative E. coli, and both aerobic Bacillus strains and anaerobic L. brevis showed highly enhanced viability loss by LPC. Further studies are needed to clarify the factors affecting the enhanced inactivation effect.
Heat treatment enhanced the inactivation effect of G. stearothermophilus cells by LPC. LPC also enhanced the inactivation effect of cells to heat. The degree of the enhanced inactivation was greater in LPC-induced acceleration of inactivation by heat (Fig. 4) . This indicates that the increased inactivation of bacterial cells by combining heat treatment with LPC was mainly because of LPC-mediated sensitization of bacterial cells to heat. Moreover, LPC acidifies the cytoplasm of microorganisms (Dixon and Kell, 1989; Dillow et al., 1999; Spilimbergo et al., 2002) . Lin et al. (1993) showed that carbonation mediates damage to the biofunction of proteins or the balance of enzymatic activities. In addition, Sun Watanabe, T., Furukawa, S., Tai, T., Hirata, J., Narisawa, N., Ogihara, H., Yamasaki, M. (2003) . High pressure carbon dioxide
